Introduction
Nowadays, ionic liquids are gaining more and more interest in chemical research, and their potential in diverse fields such as catalysis, extraction technology, electrochemistry and analytical chemistry has been investigated and extensively reviewed. [1] [2] [3] Their interesting properties, which make them potentially a "green tool" in a chemist's hand, include a low vapor pressure, high thermal stability and very good solvent properties. However, many of their physical and chemical properties are still to be explored and understood. In order to obtain reliable and reproducible results in any of the above-mentioned areas, one must use analytically characterized materials. Possibly more so than in conventional organic solvents, impurities exert strong effects on the physico-chemical properties of any ionic liquid and its performance, e.g. in catalysis. [4] [5] [6] [7] In general, impurities may stem from unreacted starting materials remaining from ionic liquid synthesis: in the case of imidazolium-based ionic liquids produced by alkylation of imidazole, these may comprise halides, imidazole, and/or water. Furthermore, if the ionic liquid has been used as a solvent in an application, impurities may consist of unreacted starting material or sideproducts of chemical conversions. A literature review reveals that only a few methods have been developed for the quantification of impurities in ionic liquids.
The quantification of halides has been described by Volhard titration, 5 electrochemical methods, 5, 8 ICP-MS, 9 ion chromatography 10 and capillary electrophoresis, 11 and water is reliably determined by Karl-Fischer titration. 12 Three reliable methods for the detection and quantification of 1-methylimidazole in ionic liquids have been developed. Firstly, Holbrey et al. 13 devised a protocol with which the content of 1-methylimidazole can be monitored during the synthesis of 1-ethyl-3-methylimidazolium chloride. The procedure is based on the formation of the [Cu(mim) 4] 2+ ion (where mim = 1-methylimidazole) from copper(II) chloride and 1-methylimidazole, which is blue. The shift of the maximum in the electronic absorbance spectra is exponentially related to the 1-methylimidazole concentration. The method can be used for the quantification of 1-methylimidazole between 0.2 and 8 mol% in ionic liquids. 13 Secondly, the separation, detection and quantification of 1-alkyl-3-methylimidazolium-based ionic liquids and imidazole-based derivatives by a-cyclodextrinemodified capillary zone electrophoresis were achieved by Qin et al. 14 The method features a low limit of detection (0.27 wt% 1-methylimidazole in 1-ethyl-3-methylimidazolium chloride). Thirdly, we have developed reversed-phase HPLC methods with UV-DAD detection for the determination of aromatic amines, such as imidazole and quinoline, in ionic liquids. The limit of detection of this protocol is 0.025 wt% for 1-methylimidazole. 15 Unfortunately, there is a lack of analytical procedures for the determination of non-aromatic amines in ionic liquids, although these are important starting materials for alternative systems, such as tetraalkylammonium, pyrrolidinium or morpholinium ionic liquids. There is also an alternative reaction route to synthesize a plethora of imidazolium-based ionic liquids, i.e. the single-step condensation reaction of aldehyde, glyoxal, and primary amine in the presence of an acid. 16 In the case of this direct synthesis, it is obvious that residues of primary amines could remain in the ionic liquid. The products of this method are the focus of our present studies.
During our studies of these materials, we advanced a method to assess the content of non-aromatic primary and secondary amines based on derivatization with carbon disulfide in the presence of a base, and analysis using ultraviolet spectroscopy. In addition to the purity specification of the ionic liquids themselves, this procedure may also be employed to follow reactions in ionic liquids which use primary or secondary amines as reactants.
The method described here was adapted from a technique developed by Lee et al. 17 It is based on the quantitative formation of UV-active dithiocarbamates 18 from primary and secondary aliphatic amines in an aqueous sodium hydroxide/carbon disulfide biphasic reaction mixture. 19 Due to the hydrophilic nature of the dithiocarbamates, they selectively accumulate in the upper aqueous phase, from which a sample is
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In the last decade, ionic liquids have shown great promise in a plethora of applications. Nevertheless, little attention has been paid to the characterization of the purity of these fluids, which ultimately lead to non-reproducible data in the literature. Derivatization with carbon disulfide is used to quantitatively determine primary and secondary non-aromatic amines (detection limit: 0.2 wt%), such as 1-butylamine, morpholine or pyrrolidine, in ionic liquids. The corresponding dithiocarbamates formed are analyzed by ultraviolet spectroscopy at wavelengths between 277 and 285 nm. taken and analyzed by UV-spectroscopy after a dilution step.
Albeit a very reliable and generally applicable procedure, the original method 17 suffers from several drawbacks, such as the large volume of toxic carbon disulfide and multiple dilution steps. For the optimized method described here, the amount of carbon disulfide was reduced by a factor of 20, and only one dilution step instead of two are now required (see Experimental). Overall, the total amount of aqueous waste is thus minimized to approximately 28 mL instead of about 530 mL per sample. Beside the scale-down, the applicability of the method is also demonstrated in the presence of various ionic liquid environments.
Experimental
Reagents and chemicals
Morpholine (for synthesis, ≥98%), 1-propylamine (for synthesis, >99%), pyrrolidine (for synthesis, ≥99%) and sodium hydroxide (pellets extra pure, >98%) were purchased from Merck KGaA, Germany. Carbon disulfide (puriss. p.a., ≥99.9%) and 1-butylamine (purum, ≥99%) were obtained from SigmaAldrich Chemie GmbH, Switzerland.
1-Butyl-3-methylimidazolium chloride and 1-ethyl-3-methylimidazolium chloride (BASF AG, Germany), and 1-butyl-3-methylimidazolium tetrafluoroborate (Sigma-Aldrich Chemie GmbH), were kindly donated. All chemicals were used as supplied. 1-Butyl-2,3-dimethylimidazolium chloride was synthesized according to literature procedures. 12 In order to validate this method and allow for comparison to the results obtained by Lee et al., 17 we performed seven-point calibrations with solutions of the pure amines in the concentration ranges indicated in Table 1 , i.e. in the absence of ionic liquid. A blank value was obtained by adding 0.100 mL of distilled water to 1.900 mL sodium hydroxide solution.
General procedure for the determination of amines in ionic liquids (standard addition method with four calibration points)
Approximately 0.5 g of the ionic liquid is dissolved in 10 mL of an aqueous 10% sodium hydroxide solution. To four test tubes, each containing 1.900 mL of this solution, 0.100 mL of aqueous amine solutions with equidistant concentrations (e.g. 0, 0.041, 0.082 and 0.123 mol L -1 for 1-butylamine) are added to give 2.000 mL each. The solutions are cooled in an ice-bath, 1.000 mL carbon disulfide added, and the test tubes sealed with glass stoppers. The biphasic reaction mixtures are vigorously shaken for exactly 0.5 h on a test tube shaker at roomtemperature. Then, 0.100 mL is taken from the upper yellowish aqueous phases and diluted with distilled water to 25 mL in volumetric flasks to give the sample solutions, which are analyzed immediately by UV-spectroscopy (Shimadzu UV-2102 PC, 1 cm quartz cell, against sodium hydroxide solution). The spectra are recorded from 200 to 350 nm. The detection wavelength used depends on the amine analyzed (Table 1) and ranges from 277 to 285 nm.
Recovery experiments were performed with solutions of 1-butyl-3-methylimidazolium chloride, 1-ethyl-3-methylimidazolium chloride, 1-butyl-3-methylimidazolium tetrafluoroborate or 1-butyl-2,3-dimethylimidazolium chloride spiked with 1% of an amine to simulate amine impurity, which were analyzed by standard addition. These ionic liquids, which had been prepared by alkylation of 1-methylimidazole, were chosen because they originally are free of primary or secondary amine impurities, and the tertiary amine 1-methylimidazole does not react with carbon disulfide. Blank values were obtained by measuring each blank ionic liquid without any amine added.
Safety considerations
Due to the high toxicity (Repr. cat. 3) of carbon disulfide, exposure must be avoided and all experiments carried out under the recommended safety precautions.
Results and Discussion
It should be noted that, due to the biphasic system and a consecutive dilution step, all concentrations given in the following (mmol L -1 ) refer to the amount of amine in the 2.000 mL aqueous phase only, i.e. prior to the addition of CS2.
During the course of our investigations, we found that the reliability of the method is critically dependent on two factors: firstly, best results were obtained with a 10% aqueous sodium hydroxide solution. Secondly, a constant reaction time (0.5 h) and reproducible intervals between derivatization and UVmeasurements have to be adhered to, due to the limited stability of the dithiocarbamates formed.
Basic calibration experiments were performed in the absence of any ionic liquid to allow for the comparison of our improved method with the original procedure developed by Lee et al. 17 All amines investigated gave a linear response in the concentration ranges indicated in Table 1 , which are of the same order of magnitude as the original protocol. However, further comparison is difficult, as Lee et al. inconsistently used either 5 or 10% aqueous sodium hydroxide solution and do not stress the importance of constant time intervals, although, at least in our work, these parameters exhibit a significant effect on the results.
Recovery experiments were conducted to elucidate whether measurements are feasible in the presence of ionic liquids. Figure 1 shows the UV-spectra of the recovery of 1% of pyrrolidine "impurity" in 1-butyl-3-methylimidazolium chloride, to which standards of various pyrrolidine concentrations were added. All other amines investigated (1-butylamine, 1-propylamine, morpholine) gave spectra of similar appearance. The optimal wavelength for all measurements was found to be 18, 20 which is also formed under the reaction conditions.
The recovery experiments for different amines were determined in the ionic liquid 1-butyl-3-methylimidazolium chloride and were found to be 96.0 ± 2.8% for pyrrolidine, 98.7 ± 9.8% for morpholine, 101.5 ± 3.5% for 1-butylamine and 82.8 ± 5.2% for 1-propylamine. Additionally, recovery experiments with 1-butylamine in different ionic liquids were carried out: the recovery in 1-ethyl-3-methylimidazolium chloride was 97.0 ± 9.8%, in 1-butyl-3-methylimidazolium tetrafluoroborate 100.5 ± 9.2% and in 1-butyl-2,3-dimethylimidazolium chloride 90.0 ± 9.4%.
Statistical comparison of the basic calibration of the amines with the standard addition calibration performed in the presence of ionic liquid confirmed that no proportional or constant systematic errors occurred.
Although 1,3-dialkylimidazolium-based ionic liquids are in principle able to form carbenes in the presence of a base such as NaOH, 21 this did not interfere with the analysis according to this protocol; the comparison of spectra recorded using 1-butyl-2,3-dimethylimidazolium-based ionic liquids which are not capable of forming carbenes with spectra of 1,3-dialkylimidazolium ones showed no differences. Also, no differences were observed in the analysis between chloride-or tetrafluoroborate-based ionic liquids.
For the method described, the detection limit of amines in ionic liquids is 0.2 wt%. In certain instances, i.e. if the solubility of the ionic liquid investigated is high in aqueous NaOH, the detection limit may be further decreased by increasing the amount of sample used for analysis.
The procedure presented has proven to be an easy, inexpensive and reliable method for the analysis of primary and secondary amines in ionic liquids for research laboratory use, without the need for time-consuming work-up or chromatographic separation. Future research will clarify if this method is only applicable to ionic liquids which dissolve in 10% aqueous sodium hydroxide solution, or if hydrophobic ionic liquids can also be assessed.
